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Abstract. Thelocations of earthquakes with depth in the mantle provide direct
evidence of the trgjectory and state of stress of subducting lithosphere. The occurrence
over the last decade of isolated large deep earthquakes outside the main Wadati-Benioff
zones in the Kurile, Izu-Bonin, and Chile deep seismic areas (in addition to the
observed flat distributions of deep seismicity beneath the Banda Sca and Fiji Plateau
areas and the large number of deep earthquakes located away from the main slab in the
Tongs arc) supports recent tomographic and other seismological studies, leading to a
reconsideration of slabs as simple planar structures sinking undeformed into the lower
mantle. The focal geometries of these isolated earthquakes, which often exhibit near
vertical compressional stresses, are distinct from adjacent events in the main Wadati-
Benioff zone. They are also different in orientation from events in the deflecting toe of
the slab and from the stress orientation expcctcd if the deflected dab acts as a stress
guide. These isolated mantle earthquakes are interpreted to take place in subducted
lithosphere that has deflected to a horizontal posture at the base of the upper mantle.
Conversely, the deep seismicity in the adiacent Wadati-Benioff zone is associated with

the defiection of the subducting lithosphere.

Introduction

Deep earthquakes provide direct evidence of rhe recycling
of lithosphere down into the mantle to depths of atleast 670
km and indicate the presence of relatively cold temperatures
and high deviatoric stresses. The morphology of these Wa-
dati-Benioff zones of deep seismicity and the focal mecha-
nisms of individual earthquakes identify planar lithosphetic
structures in downdip compression everywhere below about
300 km depth [Isacks and Molnar, 1971; Burbachand
Frohlich, 1986). -

——2% The three main characteristics of deep earthquakegeir

»9

relative maximum in number and downdip comprésbional
moment release (Chung and Kanamori, 1980], above their
absolute cessation at 650-700 km [Stark and Frohlich, 1985;

Rees and Okal,1987]) have been argued as evidence that
deep slabs do nor penetrate deeper than 700 km [Richter,
1979] or have been-explained as & combination of tempera-
ture-pressure-theology effects in a subducting  lithosphere
possibly extending into the lower mantle [Wortel, 1986; Goto
et al., 1987; Wortel and Viaar, 1988; Ito and Sato, 1991,
Kirby etal., 1991]. Indeed, the depth of the subduction cycle
and whether there exists astable boundary layer at 670 km
depth separating a stratified mantle structure are among rhe
outstanding problems in geophysics.

A physical mechanism (transformational faulting) has re-
cently been proposed for the generation of deep earthquakes
[Kirby, 1987; Green and Burnley, 1989; Kirby et al.,1991]. It
reproduces the faultjike dislocation and seismic emissions
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reguired of earthquake radiation patterns, and tits closely
with the existence of stable faults observed in deep slabs
[Billington and Isacks,1975; Giardini and Woodhouse, 1984;
Lundgren and Giardini, 1992}). This mechanism reflects the
ambient state of stress and dots nor clarify the source of
compressional stress in deep slabs nor resolve rbe debate
over the fate of subducting lithosphere.

Recent tomographic modeling [Vander Hilstetal., 1991;
Fukao et al., 1992] shows flat distributions of fasr velocity
anomalies extending beyond the seismically active portions
of the Imr-Benin, Honshu, and southern Kurile subducting
slabs, interpreted as remnant lithosphere deflected at 670 km
depth; in contrast, these tomographic studies find the con-
tinuation of fast velocity anomalies inro rbe lower mantle
below the Indonesian, Marianas, and northernKuriles slabs,
suggesting penetration of these slabs intothe lower mantle.
While previous detailed analyses have elucidated the modes
by which deep earthquakes accommodate this defiection
[Giardini and Woodhouse, 1984; Lundgrenand Giardini,
1992], questions remain as to why remnant lithosphere isnor
seismically active, and if itis, what iSits characteristicstate
of stress.

In recent years, well-located deep earthquakes have oc-
curred ourside the known Wadati-Benioff zones in the
Kurile, Izu-Bonin, Tongs, and Chile regions [Okinoet al.,
1989; Ekstromet d., 1990; Sipkin, 1990; Giardini,1992;
Glennon and Chin, 1993]. These are usually large earth-
quakes located 100300 km from rhe nearest deep seismicity,
wirh focal geometries whose orientation does not fit with the
dip-parallel compression in the adjacent slab, nor with the
stress-guide concept, which would predict nearly horizontal
compressive stresses in subducting slab rotated to horizon-
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tal. In addition to these isolated earthquakes, extended
horizontal distributions of seismicity for up 101000 km at 600
km depth are known to exist beneath the Banda Sea and Fiji
Plateau [Hanus and Vanek, 1978; Chiuer al., 1991], the two
areasin the world where the geometries of the surrounding
subduction zones and the relative plate velocities concen-
trate subducted lithosphere into the same arcainthe mantle.

relative orientations of the main slab and isolated deep
earthquake P axes with respect 10 the downdip and normal
axes of the local slab geometry [Frohlichand Willemann,
1987; Apperson and Frohlich, 1987).

In \Ei&urc § we show maps of the subduction zones

presented in this study with their seismicity and-in §igure 2).-

we show. the locations of the vertical cross sectics, Wealso .
The first observations of deep earthquakes outside slabs indicate the relative direction of convergence of thjkn’nducr:” 51'\0 wWW o n
were explained in terms of detached lithosphere or remnants  ing plate in each cross section at each subduction zone using ’vtd\*“’f i

of complex and rapidly evolving subduction environments
[Hanus and Vanek, 1978, Hamiburger and Isacks, 1987].
However, the occurrence of these events over thelast 10
years in most subduction zones, spanning the whole spec-
trum of subduction regimes, shows them to be a more
general feature of the subduction cycle.

We present a survey of isolated deep earthquakes from
several circum-Pacific subduction zones. In this study, ‘(iso-
lated” isintended to mean located away from the the main
downdip Wadati-Benioff zone seismicity inthe direction of
subduction. In this definition we are not considering the
majority of deep seismicity in subduction zones such as
South America and Java where there are large gaps of
200-300 km in the intermediate-deep seismicity inthe plane
of the slab. The goal of (his study is to understand these
isolated earthquakes in the context of mantle dynamics. We
find that when viewed as a whole these events demonstrate
not only cases of slab deflection in many deep subduction
zones but also focal geometries consistent with vertical
compressive stresses in remnant lithosphere capable of
generating large earthquakes.

Data and Projections

We use seismicity |ocations taken from the international
Seismological Centre ([SC) catalogue (1964 1989); we do not
relocate the seismicity since we are looking at macroscopic
eflects and the locations of the anomalous earthquakes are
known with sufficient precision (10-20 km) to identify them
as isolated. We use focal mechanism solutions derived from
Harvard centroid moment tensor (CMT) solutions {Dziewon-
skiet al., 1981] (from the quarterly reportsin Physics of the
Earth and Monetary Interiors). This catalogue of focal
solutions covers the years 1977-1992,

Our first goal isto characterize the focal mechanisms of
deep earthquakes in relation to those obscrved in active deep
slabs. For this purpose we 100k attwo-dimensional Cross
sections of subduction zone seismicity and CMT J> axes.
This alows us to compare the component of compressionin
the plane parallel to the direction of slab subduction and to
highlight the differences between the stress geometry of the
isolated events and the prevailing downdip compression in
the Wadati-Benioff zone. This type of projection emphasizes
forcesin the direction of subduction. Foircach focal mech-
anism the amount of compression out of th e plane of the
Cross section is proportional to the fength of the line repre-
senting the 1' axis: the shorter the line, the more oblique the
P axis orientation with respect to the Cross section plane.
We aso compare moment tensors for characteristic isolated
events and for typical downdip compressional events in the
subducting slab. The availability of moment tensor solutions
alows us to make considerations onthe percentage of
moment release for isolated versus main slab scismicity.
Finally, we apply a statistical method for comparing the

the NUVIE -1 global plate motion model [DeMets et al.,
1990]. In general, the plate convergence direction is perpen-
dicular to the strike of the subduction zone,

Isolated Deep Earthquakes

The maps in Figure 1 show the locations of earthquakes in
the circum-Pacific subduction zones where we find isolated
deep earthquakes. Cross sections of the seismicity and
axes are shown in Figure 2 for the Kurile (crosssection A),
Chile (cross section B), Izu-Bonin (cross section C), Banda
(cross section D), Tonga (cross section E), and Fiji areas
(cross section F), which are described below.

Cross Section Descriptions

Cross section A. At the Kurile trench the Pecific plate
subducts beneath the Eurasia plate. This has been an area of
much study regarding the shape of the descending slab, its
state Of stress, and its fate at the 670 km seismic discontinu-
ity le.g., Stauder and Mualchin, 1976; Creager and Jordan,
1984, 1986; Silver and Chan, 1986; Burbach and Frohlich,
1986; Lundgren and Giardini, 1990; Zhou and Clayton, 1990;
Schwartz et al.,1993; Van der Hilst et al., 1991; Fukao et
al., 1992; Glennonand Chen, 1993]. The curvature of the
southern Kurile arc gives a range of cross-section profile
azimuths Which maybe drawn. The largest deep earthquake
in the last 15 years (M, = 8.2 X 10%¢ dyn cm) occurred on
May 12,1990, 150-200 km away from the main concentration
of deep seismicity [Ekstrom et al.,1990; Sipkin, 1990]. The
projection of its compressional axis is subvertical and dis-
tinct from the more shallowly plunging compressional axes
inthe main slab.

Cross section R. The Wadati-Benioff zone in the Chile
cross section shows the trajectory of the Nazca plate be-
ncath South America. On February 28, 1989, a moderate
sized, isolated earthquake occurred some 150 km to the east
of the main cluster of deep seismicity. This isolated event
features a near vertical P axis, in marked contrast to the
main cluster of deep earthquakes which have P axes parallel
to the subduction flow.

Cross section C. In the Izu-Bonin subduction zone the
Pecific plate subducts to the west beneath the Philippine
plate. The Wadati-Benioff zone is marked fry a dense con-
centration of activity, the second most productive deep area
in the world. At 500 km depth both hypocenters and }’ axis
geometries show a bending of the Wadati-Benioff zone 10 a
horizontal posture. This pattern is accentuated try the loca-
tion of the July 4, 1982, earthquake, the largest in the area
(Mp = 1.3 x 10®dyn cm), at over 200 km west of the main
Wadati-Benioff zone at a depth of 550 km [Okino et al.,
1989]; the projection of its P axisis near vertical.

Crosssection b,  The Banda subduction zoneis part of a
complex and rapidly evolving tectonic regime. The Wadati -
Benioff zone is characterized at depth by a sharp curvature
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Figure 1. Map views of the subduction zones presented in this study. Small dots represent-epicenters of
earthquakes shallower than 400 km depth; squares rrre earthquakes deeper than 400 km, all from the CMT
catalogue. locations of cross sections shown in Figure 2 are aJso shown. A, Kuriles; B, Chile; C,
Tzu-Bonin; D, Banda; E, Tonga; and |, Fiji Plateau. Shaded arrows give the relative motion direction of
the subductl ng plate and the overrldlng plate at each subduction zone {DeMets et d., 1990].

and a flat distribution of deep earthquakes over an area  sphere 10 a horizontal posture [Giardini and Woodhouse,
500 x 300 km [Cardwell and Isacks, 1978; Chiuet111.,1991);  1984]. The enlargement of the deepest portion of this section
aresult of the confluence of subduction flows from the south  (I3,) shows that the projected P axes in the two clusters have
(Australia) and east (Pecific) beneath LurasiajeMets etal.,,  distinctly different geometries. The group to the east is
1990]. We present a N-S cross section viewed fromthe cast,  dominated by down-dip compression, although the dips of
showing the Australian plate subduction, Several events the P axes are consistently shallower, by 10”-2W, than the
occur outside the main Wadati-Benioff zone; the largest two  trgjectory of the subducting lithosphere through the mantle
are located about 150 and 300 km to the north, With @ (compare sections E;-E,); the western group instead is
subvertical P axis, and the other with an intermediate  composed amost exclusively of events with subvertical P
plunging P axis distinct from the main stab events 300 kmto  axes oriented perpendicular to those of the eastern group
the south. A similar picture is obtained with an E-W section  [Giardini, 1992).
parallel 10 the direction of flow from the Pacific. Crosssection ¥. ‘' J he horizontal distribution of seismicity
Crosssection E. In the southwest Pacific the Pacific plate  lying along the base of the upper mantle below the Fiji
subducts to the west beneath the Australian plate at the  Plateau[Brocher,1985; Hamburger and Isacks, f 987] isthe
Tonga trench. This subduction zone representsthe most  result of the subduction of the Australia plate and rollback of
active region of deep seismicity inthe world. The section E;  the New Hebrides trench from the west and of the fast
presents a view from the south acrossthe southern portion  subduction and rollback of the Pacific plate atthe Tonga
of Tonga, where the deep seismicity forks into two separate,  trench, along with Pacific plate materialthat was subducted
parallel bands, indicating defection of the subducted litho-  at the now inactive Vityaz trench [Billington, 1980; Giardini
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Figure 2. Vertical spherical cross sections through each of the subduction zones shown in Figure 1. The

radial axis iSfrom the surface to 700 km depth. We plot CMT solutions with the event location given by

(he circle, which has a size proportional to the magnitude of the earthquake. The projection of the

compressional (P) axis given by the bar. The length of the bar is directly proportional to its orientation

with respect to the plane of the cross section. Where seismicity is shown m, > 4.5, except in B-B’ and

C-C' where the threshold used is 4.8. A-A’ Kurile cross section of 1.3° width with endpoints located at

(50.6°N, 138%) and (45.2°N, 155%). B-B’ Chile cross section of 1 width with endpoints at (23.5°S, 72°

and (22.5°S, $8°W). C-C’Izu-Bonin Cross section of 1° width with endpoints at (28.9°N, 133°E) an

(25. 9°N, 147°E). D-1¥' Banda crosssection of 2° widih with endpoints al (13'S, 124°11) and (1" S, 124°F).

;- Tongs cross section of 1* width with endpoints located at (23" S, 176°E) and (24°N, 172°W). E,-E5

close up of Tonga Cross scction of 1° width with endpoints located at (23.2°S,178.2°) and (23. 5°N, dodo ]
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and Woodhouse,1986; Hamburger and Isacks, 1987]. Cross
section ¥ is taken perpendicular to the New Hebrides arc
and is viewed from the south. In the cross section the cluster
of eventsin the densest area of seismicity directly beneath
[he downdip extension of the New Hebrides slab features
near-vertical compression, consistent with the steep dip of
the slab trajectory and consistent with a slab detachment or
a continuous slab with ascismicity gap a intcrmediate depth
[Brocher, 1985; Maniburger and Isacks, 1987; Chatelain et
al., 1993]. Three additional events with CMT solutions,
however, lie in the extended region of deep seismicily at the
base of the upper mantle. The two more distant events have
» axes which are not vertical, while the third event, located
100-200 km from the main cluster of “slab” events, has a
vertical compressional axis.

Focal Geometries

In figure 3we plot typical slab and isolated CMT focal
mechanisms from each area. For each pair the main stab
(h > 500 km, except for the Izu-Bonin main slab event
which is at 475 km depth) event is on the right, and the
isolated event is on the left. Each pair has been rotated about
avertical axis such that the§pp of the page for any given pair
is the direction” parallél 10'the strike of the subducting slab
dipping to the left in Figure 3. In this way, typical events
representative of each area of deep seismicity will look very
similar to each other and differ only in the dip of the P axis,
which identifies the characteristic dip of each slab trajectory.
Except for the Banda events, where the vertical subduction
of the slab produces a main slab focal geometry similar to the
isolated event geometry, and Kurile, where the focal geom-
etries are not that different, the isolated events have focal
geometries which are significantly different than the main
slab focal geometries.

In the case of the Kurile and Chile subduction zones the
isolated event focal mechanism geometry differs from the.
main slab focal mechanisms by a rotation about an axis
parallel (o the strike. of the slab. For the Fiji and longs slabs
the isolated event focal mechanisms have nodal planes
oriented perpendicular to the strike of the slab arid vertical »
axes. The Izu-Bonin isolated event hasa focal mechanism
which fs completely different than any of its corresponding
main slab events and may reflect complexitics in the devia-
toric stress produced by the along-strike change in dip of the
Tzu-Bonin slab and the complex modes of deformation found
in this slab [L.undgren and Giardini, 1992].

e e R e e e~ ——
Laa—

Figure 3. (opposite) Map views of Iower focal hemlspheres
of | farvard CMT solutions for individual events whose date
is given above each mechanism. Black represents compres-
sional first motion arrivals, white dilatational arrivals. The
dot in each the white quadrant represents the intersection of
the compressional (P) axis on the lower focal hemisphere.
For each subduction zone wc show “main slab’” and isolated
earthquakes which have typical focal mechanisms for that
subduction zone, Each pair is rotated about a vertical axis
such that the strike of the subducting slab is to the bottom of
the page and the slab dips toward the left. Grac?/ shaded
diamond for each main slab event highlights the dip of that

Isolated Slab

Kurile
051290 020184

D (D
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Table |. Summed Scaler Moments Afyof CMT
Solutions for Main Slab and Isolated Deep
Earthquakes Deeper Than 500 km

Percent of

_ Mydynem TOtal M,

Subduction in Isolated
Zone Main Slab Isolated Events

Kurile 3.0x 10” 82 X 10% 73
Izu-Benin 3.0 x 10% 1.3 x 10% 28
Banda 9.2 X 10% 4.9 x 107 5
By 3.8 X 10* 8.9 X 10* 70
Tooga 2.9X 10% 1.2 x 10% 30
Chile 1.6 X 107 7.2 X 10° 4

Also computed is the percentage of the total deep moment
release contributed by the isolated earthquakes. For the
Tongs arc the events used are only those shown in the Tongs
cross section in Figure 1. For (he Chile and Banda arcs this
covers only earthquakes shown in their respective map areas
shown in Figare 1. For the Kurile, Izu-Bonin, and Fiji areas
CMT solutions for the whole arc deeper than 500 km arc
used, thus for Kuriles a!l events between 47" and 54°N,
and for Fzu-Bonin all events between 25" and 34°N, and for

Fiji al the. deep CMTs are in the cross section shown in
Figure 1.

Isolated Versus Main Slats Moment Release

Despite the often low occurrence rate for isolated earth-
quakes in many subduction zones, they may comprise a
significant amount of the cumulative moment release in a
given subduction zone. IN'able 1jwe show the cumulative
scalar moment relcase in the subduction zones with isolated
earthquakes and compare the relative summed scalar mo-
ments (Mp) Of the main slab events and the isolated events
for earthquakes deeper than 500 km from the CMT cata-
logue. Since this covers atime apan of only 15 years, the
summed M, are dominated by a few large events in many
instances, and a very large time span would be needed to
accurately characterize the actual partitioning of AMy. How-
ever, what this dots show is that for marry subduction zones
(i.e., Kurile,Jzu-Bonin, Tonga) a significant percentage of
the total scalar moment is contained in the isolated events.
Other isolated deep earthquakes have occurred in previously
quiet areas beneath Spain in 1954 [Chung and Kanamori,
1976] and Colombia in 1970 {Mendigurien, 1973; Gilbert and
Dziewonski, 1915; Furumoto and Fukao, 1976; Furumoto,
1977; OkJ andieller, 1979]; the latter had a moment release
roughly ¢qual’10 the combined deep seismicity moment
release of the last 15 years.

Statistical Comparison of the 1' Axes Oricntations

in addition to fundamental constraints on subduction
geometry imposed by the bypocenter locations and the
orientation of compressional axes presented in Figure 2, we
iaprly some graphical and statistical methods to quantify the

ITférences in compressional axes orientations between the
main slab and isolated earthquakes with respect to the
downdip and normal slab direction [Frohlich and Wille-
mann, 1987; Appersonand Frohlich,1987). The results of
these methods suppott what we see in the cross sections,

quakes are significantly different from the downdip direc-
tions of their respective sabs.

We plot the observed main slab and isolated CMT focal
mechanism P axeson _a. qugier of a equal-area lower
hemisphere projectitﬂl (Figufe 4ajn this plot the P axes
have been rotated suchhat the-aloag-strike (AS) direction,
defined as the direction perpendicular to the cross-section
tracesin Figure 1, is at the top of the eqaal-area plot and the
downdip (DD)direction, based on the apparent dip of the
Wadati-Benioff zone from the cross sections in Figure 2,
points vertically down. For each group of earthquakes, main
slab and isolated, Anderson-Darling plots show the actual
distribution of the F* axes away from the downdip direction
(Figures4b and 4¢), and the axis normal to the slab (Figures
4d and 4c), as a function of solid angle. The Anderson-
Darling statistic W2 is used as a measure of their deviation
from an isotropic dist ribution [Frohlich and Willemann,
1987]. In each of the Anderson-Darling plots an isotropically
distributed set of axes would form aline near the diagonal
line and have an W2 value near 1. For an isotropic data set,
W2 will exceed 3.89 no more than 1% of the time [Apperson
and Frohlich, 1987).

We apply these methods to earthquakes greater than 400
km depth in the Kurile, Chile, Jzu-Bonin, Banda, and Tongs
areas previously presented. For each cross section we use
separate downdip directions (from Figure 2) for the main
slab and the deflected toe of the slab. Thus for Kurile the
main slab and isolated downdip angles are 48", and 15°
respectively. For the other subduction zones the main slab
and isolated event downdip angles are Chile 50°, 12"; 1zu-
Bonin 83", 0° Banda 82°, O”; Tonga 55°, 15". By rotating each
group of P axes, main and isolated for each subduction zone,
sach that the downdip direction for al earthquakesis verti-
cal on the equal-area projection, we can plot al the 1” axes
togcether [Frohlich and Willemann, 1987).

Figure 4a shows the main slab and isolated earthquake
axes folded into a quarter hemisphere equal-area projection.
We sec that the main slab events have P axes that cluster
toward the downdip direction, while the isolated event »’
axes are mostly distributedtoward the perimeter at a high
angle from the derived subhorizontal downdip directions of
the deflected portions of these slabs. in Figures 4h and 4c we
show the Anderson- Darling plots for the P axes plotted in
Figure 4a, and we secthat troth groups have # axes
clustering that is statistically significant from a random
distribution. The Anderson-Darling statistic W2 of 109 for
main slab P axes cluster near the downdip direction, while
the jsolated P axes are distributed far from the downdip
direction. Figures 4d and 4e shows Anderson-Darling plots
relative to the normal axis (N). Here we see that the main
slab event F* axes plot far from the normal axis, white the 7°
axes of the isolated events cluster near the normal axis of
their deflected slabs, with a statistically significant 12 of 51.
From these statistical analyses of the P axes we observe that
the main slabs are in downdip compression and the deflected
slabs are in compression normal to their subhorizontal
orientation.

Discussionand Conclusions

The worldwide occurtence of isolated deep earthauakes
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Figure 4. Comparison of mainslab and isolated earthquake P axes from the Harvard CM'T catalogue.
The P axeshave been rotated with respect to their local main and deflected slab geometries as explained
inthe text. Events used arc deeper than 500 km depth, (a) Equal-area lower focal projection in which DD
represents the relative downdip stab direction for each event, and AS and N are the along strike and
normal axes respectively. Since wc want to compare the orientations of the p axes of five different
subducti on Zones, we can “‘fold’’the 1’ axes intoa quarter of the focal hemisphere. (b) (€) Anderson-
Darling plots {Frohlich and Willemann 1987; Apperson and Frollich, 1987} showing the fraction of axes
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to a horizontal posture by its interaction with the boundary
between the upper and lower mantle and may extend along
the bottom of the upper mantle for several hundred kilome-
ters beyond the main Wadati-Benioff zone scismicity, in
agreement with recent tomographic studics {Kamiya et al.,
1988; Zhowu and Clayton, 1990; Van der Hilst et al., 1991;
Fukaoetal., 1992] and in agreement with studics of decp
faulting patterns [Giardini and Woodhouse, 1984; Lundgren
and Giardini, 1992].

The areas withthe largest horizontal distributions of
seismicity at over 600 km depth, Banda and Fiji, arc the two
places where complexity in the plate motions and trench
geometries at the surface produce converging subduction
flows which favor the accumulation of cold lithaspheric
material. The most active area of deep seismicity outside the
main Wadati-Benjoff zone, Tongs, is where the relative rate
of convergence at the trench is the highest in the wor Id
{Pelletier and Louat, 1989; Bevis etal., 1991] (> 15cm/fyr)
and the subducting lithosphere among the oldest [Engebret-
sonetal., 1991). In less complex subduction gecometrics, the
deflection of subducting lithosphere is also confiimedbythe
shallowing of compressional axes as the slabinteracts with
the base of the upper mantle. inlzu-Boninthere iSarotation
of the P axes from vertical at 400 km depth toward shallow
and horizontal at over 500 km depth, followed by the steeply
plunging 7 axis of the isolated” event. In other glatively
-simpte subduction zoneses LKuril_cs_C_hilc:%fgou,\l ‘onga)
the isolted earthquakes have distinct I xfxjsoprentations

compared to their main slab earthquakes which follow the
shallower dip of the slab,

The occurrence of isolated deep earthquakes in subduc-
tion zones With simple geometries (Kuriles, 1zu-Bonin,
Chile) indicates thatthchighseismic activity and state of
compression in decp Wadati-Ben ioff zoncs, immediately
above the point where they reach the basc of the upper
mantle, is associated with deflection;once this defiectionhas
taken place, the material isno longer subject 1o compression
in the plane of the reclined lithosphere, asindicated by the
predominance of vertical P axes for isolated events. The
transition from downdip compression in the Wadati-Benioff
zone to vertical compression in the deflected slabiakes place
over distances less than 100 kin, as shown for Tonga.
Deviations from near vertical compression arc SO far con-
fined 10 areas, such as BandaorFiji, where more complex
slab geometries or subductjonhistoiics wouldbe expectedio
introduce significant lateraldeviatoricstiesses[Hamburger
and Isacks, 1987; Chiw et al., 1991; Manga ¢t al., 1992,
Chatelain et al., 1993).

Quarter hemisphere equal-arca projections rrf the main
slab and isolated earthquake focalmechanism I” axes, and
Anderson-Darling plots and the Andcrson-Darling statistic
{Frohlich and Willemann, 1987], show that the main slab and
isolated event axes arc significantly different fromisotropic
distributions and from cach other, the main slab event
axes cluster necarthe downdip dircctions of the subduction
zones studied, and theisola [cd events have P axes which
cluster near the normal axes of the subhorizontaldeflected
slabs,

Stress models of subducl@\'.‘.mpxhcrc indicate that the
compressional stress shouldWgeallel to the direction of
rarticle motion, becoming hbMzontal in models where the

lithosphere is defiected [Vassiliow and Hager, 1988], i n
contrast with the vertical compressive Stress found for the

isolated mantle earthquakes (Figure 2). Fluid mechanjcal
analogues of subduction show (hat in cases of layered
convectionand retrograde migration Of the trench at the
surfa cc, the subdu cling lilhosphcrc reclines tO horizontal
and rolls backonce it reaches the basc of the upper mantle
[Kincaid and Olson, 1987]. The absence of horizontaltrans-
mitlal of compressive stresses beyond the initial point of
defiection (e.g., Jzu-Bonin, Banda, and Tongs) argues for
little or No horizontal motion of the subducted lithosphere
after deflection, inagreement with the general rcllo.grade
migtationof all trench systems Of the circum -Pacific {Gar-
Sfunkel et al., 1986] and withthe occurrence of isolated deep
earthquakes only on the side of the Wadati-Benioff zone
farthest from the trench,

Remnant lithosphere is capable of producing Iargccarlh-
quakesrepresenting @ fair proportion of worldwide moment
release. The largest known deep earthquakes (Spain, Colom-
bia, Kurile) take place as isolated events, the Spain and
Colombiaevents in extensions of shallower subduction zone
seismicity. Their locations indicatethat [he physical condi-
tions lcading to faulting at depth persist long after the
lithosphere has deflected and is residing at the bottom of the
uppermantle. The isolated deep carthquakes differ only in
their focal mechanism fromtypical deep events; their large
size indicates the presence of large volumes of material still
in seismogenic conditions.

While only detailed numerical modeling may provide some
definitive explanation, the presence of large deviatoric
stresses associated With near-vertical compression suggests
that gravitational forces associated withthe presence of
large volumes of material in nonhydrostatic conditions may
bethe origin of isolated mantle earthquakes.In turn, this
may berelatedto the accumulation of large deposits of cold
lithosphet ic material which has yet to undergo the phase
transition which wc observe seismically in the slab core
{Ringwood and Irifune, 1988; Kirby etal., 1991; Tackley ct
al., 1993; Weinstein, 1993]. The departure from vertical
compjssion observed for a few of the isolated events shows
that deviations from the simple model we present dooccur
which may be duc to complexities in particular subduction
historics or ducto dynamical aspects of the deflection
process in different subduction regimes. While continuecd
tomographic and other seismological and numericalstudics
will clarify our understanding of the fate Of subducting
lithosphere in the mantle transition zone, the occutre nce of
isolated deep earthquakes outside the main areas of deep
seismicity in half the subduction zones with deep earth-
quakes indicates that deflection of subducting lithosphere at
the base of the upper mantle is a common feature of mantle
dynamics.

Acknow jedgments. We thank Adam Dziewonskiand Goran Fk-
strém at Ha pvard for the CMT catalogue. We would also like to
thank CHIT Frohtich and Emile Okal for their construc live seviews
Support for P.R.1.. was provided by the Jet Propuision Laborator Y,
California lustitute of Technology, under contract to the Natiowal
Aeronautics and Space Administration.

References

Apperson, K. D., and C. Frohlich, The refationship between Wa -
dati-Benioff zone geometry and P, “T, snd B axes of intermediate
anddeep eatthquakes | 7 Geophys. Res., 92, 13, S21- 13,831, 1987.

Bevis, M., . E. Schutz, F. W, Taylor, J. Stowell, B. Perin, J. Recy,




JOBNAME:.:JB AGUPAGE: 9 S33SS: 5 OUTPUT: ¥ri Apr 807:40:051994

br3/306/tcam8/agu /jb/0038 |

IL.UNGREN AND GIARDINIL:ISOLATED DEEP EARTHQUAKUES 9

and B. 1. Isacks, Crustal motions observed near the Tonga trench
(1988.1990), Eos Trans. AGU, 72(44), FallMceting suppl., 115,
1991.

Rillington, S., The morphology and tectonics of the subducted
lithosphere in the Tongs-J."iji-Kermadec region from seismicity
and focal mechanism solutions, Ph.D. thesis, Cornell Univ.,
Ithica, N. Y.. 1980.

Billington, S., “and B. |.. Isacks, |dentification of faul planes
associated with deep earthquakes, Geophys. Res. Lett., 2, 63 66,
1975.

Brother, T. M., Onthe formation of the Vitiaz Trench lincament
and North Fiji Basin, in Investigations of the Northern Melane-
sian Borderland, Earth Sci. %., vol. 3, editedby T. M. Brocher,
PP. 13-33, Circum-Pacific council for Energy and Mineral Re-
sources, Houston, Tex., 5.

Burbach, G. V., and C, Prohhch Intermediate and deep seismicity
and lateral structure oOf subducted lithosphere in the circum-
Pacific region, Rev. Geophys., 24, 833-874, 1986.

Cardwell, R. K., and B. L.lsacks, Geometry of the subducted
lithosphere beneath the Randa sea in eastern Indonesia from
seismicity and fault plane solutions, J. Geophys. Res., 83, 2825-
2838.1978.

Chatelain, J-I.., B. Guillier, and J.-P. Gratier, Unfolding the
subducting ptate in the central Ncw Hebrides island arc: Geomet-
rical argument for detachment of part of the downgoing slab,
Geophys. Res. Lett., 20,655-658, 1993,

Chiu,J.-M., 33. 1.. Isacks, and R. K. Cardwell, 3. configuration of
subducted lithosphere in the western Pacific, Geophys. J. Int.,
106,99-111, 1991.

Chung, W. Y., and H. Kanamori, Source process and tectonic
implications of the Spanish deep-focus earthguake of March 29,
1954, Phys. Earth Planet. In fer., 13, 85-96, 1976.

Chung, W., and H. Kanamori, Variation of seismic source param-
elers and stress drops within a descending slab and its implica-
tions in plate mechanics, Phys. Earth Planet. Inter., 23, 134-159,
1980.

Creager, K. C,, and T. H. Jordan, Slab penetration into the lower
mantle, J. Geophys. Res., 89, 3031-3049, 1984.

Creager, K. C., and T. If. Jordan, Slab penetration into the lower
mantle beneath the Mariana and other island arcs of the North-
wesl Pacific, J. Geophys. Res., 91, 3573-3589, 1986.

DeMets, C., R. G. Gordon, . F. Argus, and S. Stein, current plate
motions, Geophys.J. Int., 101, 425-478, 1990.

Dziewonski, A. M., T.-A. Chou, and J. 11. Woodhouse, Dctermi-
nation of earthquake source parameters from waveform data for
studies of global and regional seismicity, J. Geophys. Res., 86,
2825-2852 19Rt

Ekstrém, G., A. M. Dziewonski, and J. 1baficz, Deep carthquakes
outside slabs, Em Trans. AGU, 71, 1462, 1990.

Engebretson, D. C., J. Mammerickx, and C. A, Raymond, Tongs
lineations— The phoenix plate baa arisen?, Eos Trans. AGU,
72(44), Fall Meeting suppl., 444, 1991.

Frohlich, C., and R. J. Willemann, Statistical methods for compar-
ing directions to the orien [aliens of focal mechanisms and Wadati-
Benioff zoncs, Bull. Seismol. Sot. Am., 77,2135-2142, 1987,

Fukao, Y., M. Obayashi, and . Inoue, Subducting slabs stagnant
in the mantle transition zone, J. Geophys. Res., 97, 4809-4822,
1992.

Furumoto, M., Spacio-temporal history of the deep Colombia
earthquake of 1970, Phys. Earth Planet. Inter., 15, 1- 12,1977,
Furumoto, M., and Y. Fukao, Seismic moment of great deep

shocks, Phys. Earth Planet. Inter,. 11.352-357.1976.

Garfunkel, Z., C. A. Anderson, and G. Schubert, Mantle circulation
and the lateral migration of the slabs, J. Geophys. Res., 91,
72057223, 1986.

Giardini,D., Space-lime distribution of deep seismic deformation in
Tonga, Phys. Earth Planer. Inter., 74, 7S- 88, 1992.

Giardini, I)., and J. ||. Woodhouse, Deep seismicity and modes of
deformation in Tongs subduction zone, Narure, 307, S05-509,
1984,

Giardini, D., and J. }l. Woodhouse, horizontal shear flow in the
mantle beneath the Tongs arc, Nature, 319, 551-555, 1986.

Gilbert, F., and A. M. Dzicwonski, An application of normal mode
theory 10 theretrieval of struclural paramctess and source mech-
anisms from seismic spectra, Philos. Trans. R. Sot. London, Ser.
A, 278, 187--269, 1975.

Glennon, M. A., and W.-P. Chen, Systematic of deep-focus
earthquakes along the Kuril-Kamchatka arc and their implications
on mantle dynamics, J. Geophys. Res., 98, 735-769, 1993.

Goto, K., Z. Suzuki, and H.Hamaguchi, Stress distribution due to

olivine-spinel phase transition in descending plate and deep focus

carthquakes, J. Geophys. Res., 92, 13,811-13,820, 1987.

Green, 11. W., and P. C. Burnley, A new self-organizing mechanism
for deep focus earthquakes, Nature, 341, 733737, 1989.

Hamburger, M. W., and B.L, Isacks, Deep earthquakes in the
southwest Pecific: A tectonicinterpretation, J. Geophys. Res., 92,
13,841- 13,854, 1987.

If anus, V., and J. Vanck, Tonga-L.ausystem: Deep collision of
subducted lithospheric plates, J. Geophys., 44, 473480, 1978.
Isacks, li. L., and f'. Molnar, Distribution of stressesin the
descending lithosphere from a globa survey of focal niechanism
solulions of mantle earthquakes, Rev. Geaphys., 9, 103-174, 1971.

110, E., and H. Sate, Aseismicity in the lower mantle by superpfas-
ticity of the descending slab, Natre, 351, 140-241, 1991,

Kamiya, S, T.Miyatake, and K. Hirahara, How deep can wc sec
the high velocity anomalies beneath the Japan islands?, Geophys.
Res. Lett., 15, 828831, 1998.

Kincaid, C., and J. Olson, An experimental study of subduction and
slab migration, J. Geophys. Res., 92, 13,832-13,840, 1987.

Kitby, S. 11., Localized polymorphic phase transformations in
high-pressure faults and applications 10 the physical mechanism of
deep carthquakes, J. Geophys. Res., 92, 13,789-13,8(0, 1987.

Kirby, S. Il., W. B.Durham, and 1.. A. Stern, Mantle phase
changes and deep-earthquake. faulting in subducting lithosphere,
Science, 252,216-225, 1991.

Lundgren, P. R, and D. Giardini, Lateral structure of the subduct-
ing Pacific plate bencath the Hokkaido corner from intermediate
and deep earthquakes, Pure Appl. Geophys., 134, 385-404, 1990.

Tundgren, P. R, and D. Giardini, Seismicity, shear failure and
modes of deformation in deep subduction zones, Fhys. Earth
Planet. Inter., 74, 63-74, 1992,

Machetel, P., and P. Weber, Intermittent layered convection in a
model with an endothermic phase change at 670 km, Nature, 350,
55-.57, 1991.

Manga, M., R. J. O’Conneli, and H. A. Stone, Deformation of fluid
lithospheric slabs in a layered mantle, Eos Trans. AGU, 73(43),
Fall Meeting Suppl., 386, 1992.

Mendiguricn, J. A., Identification of free oscillation spectral peaks
for 1970 July 31 Colombian deep shock using the excitation
criterion, Geophys. J. R Astron. Sot., 33, 281-321, 1973.

Okino, K., M. Ando, S. Kaneshima, andK Hirahara, The horizom- 7:

tally lying slab, Geophys. Res. Lett., 16, 1059- 1062 1989.

Pelleticr, R., and R. ]Dual,Scismolcclonlcs and present-day plate:
motions in the Tongs.|~u and Kermadec-avre region, Tectono-
physics, 16S, 237-250, 1989.

Rees, B A, and F. A. Okal, The depth of the decpest historical
carihquakes, Pure Appl. Geophys., 125, 699-71 S, 1981.

Richter, F.M., loca mechanisms and seismic energy release of
deep and intermediate earthquakes in the Tongs.Kemladec region
and their bearing on the depth extent of mantle flow, J. Geophys.
Res., 84.6783-6795, 1979.

Ringwood, A. E..and T. Irifune, Nature of the 650-km seismic
discontinuity: Implications for mantle dynamics and differentia-
tion, Natwre, 331, 131-136, 1988.

Schwartz, S. Y., T. lay, and S. L. Beck, Shear wave travel time,
amplitude, snd waveform analysis for earthquakes in the Kurile
slab: constrai ntsycp slab structure and mantle heterogeneity,
J. Geophys. Res., §»,14,445-14,460, 1991.

Sitver, P. O., « nd'W. W. Chan, Observations of body wave
multipathing from broadband seismograms: Evidence for lower
mantle slab penctration beneath the Sea of Okhotsk, J. Geophys.
Res., 91, 13,787-.13,802, 1986.

Sipkin, S. A., Moment-tensor solutions for several unusua earth-
quakes in May 1990, Eos Trans. AGU, 71, 1438, 1990.

Stark, P. ft., and C. Frohlich, The depths of the decpest deep
carlhquakes, J. Geophys. Res., 90, 1859-1869, 1985.

Stauder, W., and J.. Mualchin, Fault motion in the larger carth-
quakes Of the Kurile-Kamachatka Arc and 01 the Kurile-
Hokkaido corner, J.Geophys. Res., 81, 297-308, 1976.

Tacklcy, P. J., O. J. Stevenson, G. A.Glalzmaier, and G. Schubert,
Effects of an endothernic phase transition at 670 km depth in &

bSe rvab) "Hy

so%mrk— set
Souvces? —”«c Ju1
;770 Co,om lan



JOBNAME: JB AGU PAGE: 10SESS: 5 OUTPUT: Fri Apr 807:40:051994
fbr3/306/team8/agu/jb/0038

10 JJUNGREN AND GIARDINILISOLATED DEEP EARTHQUAKES

spherical modelof convection in the Barih’s mantle, Nature, 361,
69970-4, 1993.

V an der Hilst, R,, R. Engdahl, W. Spakman, and O. Nolet,
Tomographic imaging of subducted lithosphere below northwest
Pacific island arcs, Nature, 353, 37-43, 1991.

Vassiliou, M. S, and 11.11. Hager, Subduction zone earthquakes
and stressin slabs, Pure Appl. Geophys., 128, 547-624, 1988.
Weinstein, S. A., Catastrophic overturn of the Earth’s mantle
driven by multiple phase changes and internal heat generation,

Geophys. Res. Lett., 20, 101-10-4, 1993.

Wortel, M. J. R, and N. J. Vlaar, Subduction zone seismicity and
the thermomechanical evolution of downgoing lithosphere, Pure
Appl. Geophys., 128, 625-639, 1988.

Worltel, R., Deep carthquakes and the thennal assimilation of
subducting lithosphere, Geophys. Res. Let., J3, 34 37, 1986.
Zhou, H., and R. W. Clayton,  and S wave travel time inversions
for subducting slab under the island arcs of the Northwest Pacific,
J. Geophys. Rei 95, 68296851, 1990. _jowtc e A:,g/

D. Giardini, Istituto Nazionale di Geofisica ViaﬂVigna Husato.
605, Rome, 00143 laly. (e-mail: internetigiardini@in8800. cincca.it)

P. Lundgren, Jet Propulsion 1 aboralory, California Institute of
Teektplomygyt Q(B@S Oar oy Dri c\MS] 88580, [Pagadcna CA
91109-8099.(e=~malls interned™ 1

(Received September 14, 1993; revised November 16, 1993;
accepted December 28, 199.3.)

"."V’{-!’L/
—

~

pacl@arcakis pl. rasa ,3av)



